Photoionization-efficiency ͑PIE͒ spectra in the wavelength range 110-140 nm were measured for products of the reaction system Cl/Cl 2 /H 2 S in a discharge-flow reactor coupled to a photoionization mass spectrometer employing a synchrotron as source of radiation. According to PIE spectra of HSCl, HSSSH, SSCl, and HSSCl, obtained for the first time, the ionization energies ͑IE͒ derived are (9.887Ϯ0.016), р9.09, (9.04Ϯ0.03), and (9.266Ϯ0.014) eV, respectively. Ab initio calculations of these IE with the GAUSSIAN-2 method agree well with experimental results. Other products observed in the system include S 2 , HSSH, S 3 , and SCl 2 . Their PIE spectra and IE were also measured; in some cases discrepancies with previous reports are found. The formation mechanism of the observed products is discussed.
I. INTRODUCTION
Hydrogen sulfide (H 2 S) is an abundant biogenic sulfur compound emitted into the troposphere. 1 Combustion of fossil fuels, which are known to be rich in sulfur deposits, also leads to the formation of H 2 S among other pollutants containing sulfur. As H 2 S is removed from the troposphere primarily by reaction with OH radicals it does not reach the stratosphere, 1 but volcanic eruptions can inject sulfur compounds into the stratosphere in large amounts. Measurements of plume constituents and atmospheric distributions of gases from volcanic eruptions in situ reveal that under geochemically suitable conditions H 2 S can be the dominant sulfur species emitted and can thereby be injected directly into the stratosphere. 2, 3 The reaction of chlorine atoms with H 2 S,
is of interest as it couples reaction cycles of chlorine and sulfur. Products containing both sulfur and chlorine atoms are less likely to be found in the troposphere. Because reactive chlorine has only a small concentration, HS is readily oxidized with NO 2 and O 3 and is not expected to react with Cl/Cl 2 . 4, 5 Favorable conditions for these products to form might exist in the remote marine boundary layer. Indications of reactive chlorine present in these regions in the troposphere are known; a mechanism for halogen release from sea salt is reported. 6 Concentrations of NO 2 and O 3 are small in these regions and aerosol particles might act as catalytic surfaces for formation of compounds containing sulfur and chlorine.
To investigate the species containing sulfur and chlorine, we employed a discharge-flow reactor with a photoionization mass spectrometer ͑PIMS͒ using a synchrotron as source of radiation to measure photoionization efficiency ͑PIE͒ spectra and ionization energies ͑IE͒ of products from the reaction system Cl/Cl 2 /H 2 S. Here we report for the first time the PIE spectra and IE of HSCl, HSSSH, SSCl, and HSSCl generated as products from the reaction system. To compare with literature data and to correct for interference arising from isotopic variants, we also measured the PIE spectra and IE of other observed products S 2 , HSSH, S 3 , and SCl 2 . The results for HSSH are presented in a separate publication. 7 The PIE spectra and IE for S 2 and S 3 have been reported by Berkowitz and co-workers by using an effusive oven source PIMS technique. 8, 9 Liao and Ng also obtained the PIE spectrum and IE of S 2 with a supersonic oven beam PIMS method. 10 The IE of SCl 2 was determined by Kaufel et al. on photoionization of pure SCl 2 . 11 We compare the experimental results with ab initio calculations made with the GAUSSIAN-2 ͑G2͒ method, which is known to yield reliable energies for sulfur species. 12, 13 This work is part of a continuing effort to measure PIE spectra and to determine IE of various species containing sulfur. This information in turn will enable us to identify such species with PIMS in relevant reactions of sulfur compounds in the atmosphere. We reported previously work on HSSH, 14 
II. EXPERIMENT
The experimental system, used previously, [14] [15] [16] is described here only briefly. It consists of a discharge-flow reactor coupled with a photoionization mass spectrometer ͑DF-PIMS͒ employing synchrotron radiation as the photoionizing source. The ionization beam was dispersed with a 1-m SeyaNamioka monochromator attached to a beam line at the 1.3-GeV ͑currently 1.5 GeV͒ storage ring of the Synchrotron Radiation Research Center in Taiwan. 17 A grating with 600 grooves/mm was used to obtain an optimal photon flux in the spectral range 110-150 nm. The slit width was typically 0.1-0.2 mm, corresponding to a spectral resolution 0.2-0.4 nm; the resultant flux was Ϸ3ϫ10 11 photons s Ϫ1 at 140 nm. A LiF filter window allowing transmission for Ͼ105 nm served to eliminate radiation diffracted from the grating at higher orders. The intensity of the ionization beam was monitored on detecting fluorescence from the exit glass window coated with sodium salicylate. The wavelength of synchrotron radiation was adjusted with zero-order light and further calibrated with the threshold step of photoionization spectrum for CS 2 , for which IEϭ͑10.0782Ϯ0.0006͒ eV. 18 The gases from the flow tube were first sampled through a Teflon sampling port ͑i.d. 2 mm͒ and subsequently through a Teflon skimmer ͑i.d. 3 mm͒ into a chamber containing the source and quadrupole mass filter. The flow reactor was a Pyrex tube ͑i.d. 25 mm, length 30 cm͒ with a movable injector ͑o.d. 8 mm͒. To minimize possible wall reactions we inserted a Teflon tube ͑i.d. 21.5 mm͒ into the glass tube. Cl atoms were generated in a sidearm from a mixture Cl 2 /He with a microwave discharge. To reduce the background signal arising from scattered light, we passed the discharge gas flow through a right angle that included a Wood's horn. A mixture of H 2 S and He was introduced into the flow tube either through a port in the sidearm placed after the microwave cavity or through the movable injector.
Typical experimental flow rates ͑in STP cm 3 s
Ϫ1
͒ were as follows: Heϭ4 -14, Cl 2 ϭ0.1-0.4, H 2 Sϭ0.2-0.5, He flow to carry Cl 2 ϭ1 -2, and He flow to carry H 2 Sϭ1 -2. The pressure was maintained between 0.9 and 1.2 Torr, resulting in flow speeds in the range 800-2600 cm s Ϫ1 and reaction durations in the range 11-38 ms. All experiments were carried out at ambient temperatures, (298Ϯ3) K. The purity and sources of the gases were as follows: He ͑Mathe-son, Ͼ99.9995%͒, Cl 2 ͑Matheson, Ͼ99.9%͒, and H 2 S ͑Matheson, Ͼ99.5%͒.
III. COMPUTATIONAL METHODS
Energies E G2 for neutral HSCl, HSSSH, SSCl, HSSCl, and SCl 2 and the corresponding cations were calculated using the G2 method 19 with the GAUSSIAN 94 program. 20 The IE were computed from difference between energies of the neutral molecule and its cation in their optimized structures. Equilibrium geometries were evaluated at MP2͑full͒/ 6-31G(d) and HF/6-31G(d) levels. The zero-point energies were evaluated with harmonic vibrational wave numbers from HF/6-31G(d) level scaled with a factor 0.8929. To compute the vertical IE, the G2 level energy of the ion EЈ was deduced from single point calculations with geometry optimized at the MP2͑full͒/6-31(d) level of the most stable structure of the neutral molecule. The single point calculations required for the ion included QCISD͑T,E4T͒/6-311(d,p), MP4/6-311ϩ(d,p), MP4/6-311ϩ(2d f ,p), and MP2/6-311ϩ(3d f ,2p). Possible vibrational excitation of the ion associated with the vertical transition was not treated explicitly and the zero-point energy of the ion was used as an approximation.
IV. RESULTS AND DISCUSSION
A. Product formation in the Cl/Cl 2 /H 2 S reaction system could not be resolved from the large H 2 S ϩ signal. We observed only variation of the signal intensities but no new features upon alteration of flow rates of reactants, pressure in the flow reactor and duration of reaction.
B. PIE spectrum and IE of S 2
To test the performance of the apparatus, we recorded first the PIE spectrum of S 2 . The resulting spectrum shown in Fig. 2 over the spectral wavelength 110-140 nm was scanned in 0.2-nm steps with a slit width 0.1 mm, corresponding to a nominal spectral resolution 0.2 nm. This PIE spectrum of S 2 agrees with one obtained at better spectral resolution by Liao and Ng using molecular-beam photoionization technique. 10 The spectrum is full of information on autoionizing vibrational bands superimposed on a broad autoionization peak for transitions from the ground state of S 2 to X 2 ⌸ g and a 4 ⌸ u states of S 2 ϩ . Because analysis of vibrational progressions was well done in the previous work, no extensive effort was made to reanalyze the spectrum. We only focused on the determination of the IE of S 2 here. The threshold of ionization to the state X 2 ⌸ g,3/2 of S 2 ϩ determined by the midrise point of the onset or derived from the maximum of the first derivative of the spectrum, ͓d(PIE)/d͔, is (132.6Ϯ0.2) nm, as indicated by the arrow in the inset of Fig. 2 . This threshold corresponds to IEϭ͑9.350Ϯ0.014͒ eV, in satisfactory agreement with the value (9.356Ϯ0.002) eV obtained by Liao and Ng, 10 as listed in Table I . This agreement demonstrates that our DF-PIMS operates properly and that the wavelength calibration of synchrotron radiation is reliable. SCl is shown in Fig. 3 . A spectrum measured at m/z 68 indicates a contribution from H 34 SSH but the resulting spectrum of HSCl at m/z 68 after subtracting the scaled spectrum of HSSH ͑m/z 66͒, the PIE spectrum of HSSH was presented in Fig. 1 of Ref. 7 (IEϭ9.06 eV), is similar to that shown in Fig. 3 . The PIE spectrum of HSCl shows some distinct steps above the threshold and an intense autoionization peak around 11 eV. The ionization threshold of HSCl derived from the midrise point of the onset or the maximum of the first derivative curve is (125.4Ϯ0.2) nm in both spectra, corrected for HSSH at m/z 68 and 70. As indicated by the arrow in the inset of Fig. 3 , the threshold corresponds to IEϭ͑9.887Ϯ0.016͒ eV.
C. PIE spectrum and IE of HSCl
This experimental value is in agreement with the prediction 9.869 eV from calculations with G2. Energies from these calculations are summarized in Table II equilibrium structures of neutral molecules and their cations are depicted ͑see Fig. 9͒ . HSCl evidently undergoes only small structural changes upon ionization; this condition is also reflected in the small difference between adiabatic and vertical IE, ⌬Eϭ0.11 eV ͑Table II͒, consistent with a distinct onset at the ionization threshold in the PIE spectrum in Fig. 3 .
D. PIE spectrum and IE of S 3
The PIE spectrum of S 3 appears in Fig. 4 . The spectrum was scanned in 0.2-nm steps with a slit width 0.2 mm, corresponding to a nominal spectral resolution 0.4 nm. The threshold of ionization determined from the onset in Fig. 4 is (128.8Ϯ0.4) nm, corresponding to IEϭ͑9.63Ϯ0.03͒ eV. The photoionization of S 3 was previously studied by Berkowitz and Lifshitz 9 who generated S 3 through evaporation of HgS. They argued that their S 3 ϩ signal arose mainly from S 3 and not from fragmentation of higher S n species typically present in sulfur vapors. Their reported IEϭ͑9.68Ϯ0.03͒ eV is in agreement with our determination within the combined error bars. Ionization of S n species was also achieved on electron impact ͑EI͒. 23 Rosinger et al. detected HgS and S n (nϭ2 -8) after heating HgS to 430-490 K, 23 but the adiabatic IE determined in EI experiments are unreliable and appear to be too large.
Theoretical calculations indicate that S 3 has two forms, cyclic (D 3h ) and open (C 2v ), close in energy; therefore both forms may exist. 23 Zakrzewski and von Niessen calculated adiabatic IE for S 3 in various isomers at a configurationinteraction ͑CI͒ level with a basis set consisting of atomic natural orbitals ͑ANO͒. 24 Their results are not accurate enough for a reliable assignment of the electronic transitions.
E. PIE spectrum and IE of HSSSH
The PIE spectrum of HSSSH shown in Fig. 5 was scanned in 0.4-nm steps with a slit width 0.2 mm. This spectrum might include minor contributions from SS 34 S or S 34 SS, but the determination of the ionization threshold of HSSSH is unaffected because ionization of S 3 occurs at Ͻ129 nm. Species containing a S-S bond can undergo significant structural alterations upon ionization leading to unfavorable Franck-Condon factors in the threshold region. This condition has been demonstrated for HSSH 7, 14 and CH 3 SSCH 3 . 25 Theoretically predicted structures of HSSSH and HSSSH ϩ are given ͓see Fig. 9͑b͔͒ . Although both MP2͑full͒ and HF methods yield comparable bond lengths, significant differences are found in some angles. Both meth- ods predict substantial structural alterations upon ionization, resulting in a large difference between adiabatic and vertical IE, ⌬Eϭ1.05 eV, listed in Table II . This condition is consistent with the long tail extending to longer wavelengths in the PIE spectrum shown in Fig. 5 . The adiabatic IE may not be deducible from a PIE spectrum in such a case. Hence, the observed threshold at 9.09 eV is likely an upper limit of the IE of HSSSH. Calculations with G2 predict the IE to be 8.759 eV, consistent with our argument that the observed experimental onset is an upper limit of the IE.
F. PIE spectrum and IE of SSCl
The PIE spectrum of SSCl ͑m/z 99͒ is shown in Fig. 6 . The spectrum was scanned in 0.4-nm steps with a slit width 0.2 mm. At shorter wavelengths the PIE spectrum could have contributions from HSSSH ϩ ͑m/z 98͒ and HSSCl ϩ ͑m/z 100͒ owing to incomplete mass separation. The ionization threshold of SSCl is derived from the onset in Fig. 6 at (137.2Ϯ0.4) nm corresponding to IEϭ͑9.04Ϯ0.03͒ eV. The calculated IE for ionization to singlet SSCl ϩ is 8.93 eV, 0.11 eV smaller than the experimental value. This difference between calculated and experimental IE is greater than in other cases treated in this work with the exception of HSSSH. Unlike HSSSH, which undergoes substantial structural change upon ionization, SSCl undergoes only minor structural alteration ͓Fig. 9͑c͔͒; thus a discrepancy between experimental and theoretical value is not attributable to unfavorable Franck-Condon factors in the threshold region. Optimization of geometries of neutral and ionic SSCl using MP2͑full͒ and HF methods yields significant variations in some angles, perhaps indicating that theoretical calculations are less reliable in this case.
G. PIE spectrum and IE of HSSCl
The PIE spectrum of HSSCl is shown in Fig. 7 . This spectrum was scanned in 0.4-nm steps with a slit width 0.2 mm. In the inset of Fig. 7 a detailed spectrum, scanned in steps 0.2 nm with a slit width 0.1 mm, near the threshold region is shown. The threshold of ionization derived from the onset of the curve is (133.8Ϯ0.2) nm, corresponding to IEϭ͑9.266Ϯ0.014͒ eV. This value agrees satisfactorily with the calculated value 9.309 eV. The PIE spectrum in Fig. 7 shows a steep increase at Ͻ130 nm. The mid rise point of this step at (128.8Ϯ0.4) nm (9.63Ϯ0.03 eV) is near the cal- 8 , corresponding to IEϭ͑9.57Ϯ0.03͒ eV. Such a distinct onset is consistent with minor structural modifications between the neutral and cationic structures in Fig. 9͑e͒ . A value (9.45Ϯ0.03) eV for the IE of SCl 2 was determined by Kaufel et al. 11 in experiments on photoionization of pure SCl 2 ; the PIE spectrum of SCl 2 was not presented in that paper. Calculations with G2 predict the adiabatic IE of SCl 2 to be 9.516 eV. This value supports the IE determined in this work that slightly exceeds the currently recommended value 26 based on measurements of Kaufel et al.
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I. Products and mechanism of formation in the reaction system Cl/Cl 2 /H 2 S After initiation by Reaction ͑1͒, there is a competition between Reactions ͑2͒ and ͑3͒.
HSϩCl 2 →HSClϩCl, ͑2͒
HSϩCl→SϩHCl. ͑3͒
Although ͓Cl͔ was not determined, we expect that ͓Cl͔Ӷ͓Cl 2 ͔; hence Reaction ͑2͒ competes with Reaction ͑3͒, as supported by observation of significant formation of HSCl. Additional reaction pathways involving HS include the following:
→HSSH, ͑4b͒
HSϩH 2 S→products, ͑5͒
HSCl is removed by the following reactions:
ClϩHSCl→HClϩSCl, ͑7͒
Cl 2 ϩHSCl→SCl 2 ϩHCl. ͑8͒
Beyond Reaction ͑7͒, SCl is formed through Reaction ͑9͒:
SCl undergoes rapid self-reaction: and can also undergo the following reactions:
Cl 2 ϩSCl→SCl 2 ϩCl, ͑12͒
Clyne et al. 27 suggested that another source of S 2 is Reaction ͑15͒:
The formation mechanism of the remaining observed products not accounted for in the presented mechanism, S 3 , HSSSH, and HSSCl is unclear, but sulfur is known to undergo catenation and to form for instance sulfanes, XS n X, in which X can be H or a halogen. 28 For example, HSSSH can be prepared in the liquid phase through:
The unaccounted for products could have been formed in heterogeneous reactions. After completion of experiments we observed yellowish deposits on inner walls of the flow tube, indicating the importance of wall reactions in our system. Clyne et al. 27 reported that a pale yellow deposit, accumulating on the walls of the flow tube when HS was generated in an excess of H 2 S, was attributed to various reactions of radical species such as HS with H 2 S and was rapidly removed by an excess of Cl atoms. Indications of heterogeneous reactions were discovered by Murrells 29 for the reaction SClϩSCl with the DF-EIMS technique.
In contrast to the present work, Clyne et al. 27 observed SCl but no HSCl. This disparity is not inexplicable. In the experiments of Clyne et al. ͓Cl͔ was comparable to ͓Cl 2 ͔ and thus Reaction ͑3͒ dominated over Reaction ͑2͒. S 2 , SSCl, and SCl 2 have previously been observed to be formed. 27, 30 The products HSSH, HSCl, S 3 , HSSSH, and HSSCl have not been detected before. Owing to the rather low flux of ionizing photons from the synchrotron, the reactant concentrations had to be maintained larger than for kinetics experiments and consequently new reaction channels or extensive heterogeneous reactions may occur. As far as we know, HSCl and HSSCl have not been detected in the gaseous phase. Recently we observed the formation of HSSH from the self-reaction of HS radicals.
14 HSSSH has been observed in the gaseous phase previously. 31 Gaseous HSSSH was obtained through evaporation of a distilled sample separated in a cracking apparatus from crude sulfane oil. Small clusters of sulfur atoms have been observed in many experiments in which S n was generated in sulfur vapor. 32 There is little information on SSCl. 33 Recently resonant Raman and fluorescence spectra of SSCl obtained from photolysis of S 2 Cl 2 ͑Ref. 34͒ and the microwave spectrum of SSCl generated in a dc discharge from S 2 Cl 2 or SCl 2 were reported.
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V. CONCLUSIONS
A system consisting of discharge flow and a photoionization mass spectrometer employing synchrotron radiation was used to investigate products in the reaction system Cl/Cl 2 H 2 S. Observed products include S 2 , HSSH, HSCl, S 3 , HSSSH, SSCl, HSSCl, and SCl 2 . Photoionization efficiency ͑PIE͒ spectra are recorded for all products and ionization energies ͑IE͒ are deduced therefrom. To interpret the experimental results, we undertook ab initio calculations with G2 method for all species except S 2 and S 3 . PIE spectra and IE were measured for HSCl, HSSSH, SSCl, and HSSCl. Comparison with values of IE in the literature shows good agreements for S 2 and S 3 but small discrepancy for SCl 2 . G2 calculations on SCl 2 favor the present determination. Except for HSSSH and SSCl agreement between the experimental and theoretical values is satisfactory (⌬IEϽ0.054 eV). Based on theoretical results, the experimental value of the IE of HSSSH is thought to represent only an upper limit.
